Ribeiro-Rodrigues Alecrim, L.; Ferreira, J.; Gutiérrez-González, C.; Salvador Moya, MD.; Borrell Tomás, MA.; Pallone, E. (2017). Effect of reinforcement NbC phase on the mechanical properties of Al2O3-NbC nanocomposites obtained by spark plasma sintering.
Introduction
Al 2 O 3 -reinforced with nano-sized particles, such as TiB 2 , SiC, TiC, WC, NbC and others, represent a new class of materials with improved mechanical properties, especially the fracture toughness, hardness and wear resistance [1] [2] [3] [4] [5] [6] [7] [8] [9] . This new class of materials can be an interesting alternative for the production of cutting tools in order to improve cutting speed and productivity.
The carbides of transition metals are one of the most promising ceramic materials in the preparation of ceramic composites, because the chemical bonds established give specific properties to these materials. The niobium carbide shows properties that can be compared to other refractory carbides used in obtaining hard metal. It has a high melting point, high hardness and toughness and low chemical reactivity [7, 8] . The advantage of use NbC as reinforcement of Al 2 O 3 is that both materials have a similar thermal expansion coefficient and reducing the residual stresses produced during the heating and cooling processes, which can lead to the formation of cracks in brittle materials, causing a decrease of the strength values. Thus, Al 2 O 3 and NbC are thermo-mechanically compatible.
There are various synthesis methods for producing nanometric powder for preparation new and best nanostructured materials. The reactive milling is an alternative synthesis process in which high-energy milling promotes the reaction in a mixture of reactive powders [10, 11] . The advantage of this process has allowed the A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT 3 higher temperatures (1650 ºC) and with a hardness value of 16.5 GPa. By uniaxial pressing only reached 92% of density and 13 GPa of hardness. Pallone et al. [14] obtained Al 2 via liquid-phase mechanism at relatively lower temperatures than those characteristic of the pressure-assisted processes but with similar mechanical properties [15] .
To improve the sinterability of these materials and obtain mechanical and wear properties with a higher quality than the current properties, an interesting technique is the Spark plasma sintering (SPS), also known as field-assisted sintering technique (FAST). This technique is based on applying an on-off dc (direct current) electric pulse under uniaxial pressure that it is used for rapid fabrication of nanocrystalline ceramics [3, 4, 5] . This technique can work at heating rates on the order of hundreds of degrees per minute, reaching high temperatures in very short time, providing dense materials after cycles of heating/cooling of only a few minutes. Currently, there is an increasing interest in the sintering of oxides and non-oxides powders and hard metals by SPS [16, 17] . This is especially important in the case of hard metals, because of the great significance of processing these materials at low temperatures for different fields of materials engineering.
Therefore, in this work, Al 2 O 3 -NbC nanocomposite powders with 5vol.% of NbC were prepared via reactive milling and sintered without additives using spark plasma sintering technique (SPS) in order to consider these materials for suitable application in the industry. The mechanical properties and microstructure of Al 2 O 3 -NbC nanocomposites were investigated and discussed in detail.
Experimental details

Preparation of the powder
The nanometric powders of alumina (Al 2 O 3 ) and niobium carbide (NbC) were obtained by reactive high-energy milling as described in a previous work [14, 18] . NbC, the crystallite size was determined using the width of the Bragg peak profiles at half of the maximum intensity, according to Sheerer method [20] . The particle size was measure using HORIBA LA-950 V2 equip.
High
The density of the samples was measured by the Archimedes method (ASTM C373-88). Relative densities were estimated in accordance with the real density of the powder measured by Helium picnometry (4.10 g/cm 3 ).
Sintered samples were fractured on their cross-section and were polished to 0.25 m The bending strength of the samples sintered by SPS was measured by biaxial testing using the equations of Kirstein and Woolley [23] , Vitman and Pukh [24] , and the standard specification ASTM F394-78. All tests were obtained at room temperature using a universal testing machine (Instron 856, MA, USA) with a crosshead displacement speed of 0.002 mm/s.
Results and discussion
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT 6 3.1. Powder characterization Figure 1 shows the X-ray diffraction (XRD) pattern of the powder mixtures after the reaction of high-energy milling. It is observed only peaks of the reaction product, Al 2 O 3 and NbC, with no peaks relating to reagents, whereas the crystallite size was equal to 9.1 and 9.7 nm, respectively.
Due to the high temperatures reached during the mechanical alloying occurs a large agglomeration of the particles of the powder resulting from the reaction forming aggregates. These aggregates were broken in the grinding mill SPEX after the reaction to obtain the powder with nanocrystalline size. ºC is due to the high porosity which stops the crack formation and grain pull-out [28] . Microstructural analysis performed on the fracture surface of the conventional sintered samples is shown in Figure 4 . 
Characterization of Al 2 O 3 -NbC nanocomposites obtained by SPS
The Figure 5 With this sintering technique, the material can be densified fairly quickly because of the high heating rate employed and the pressure applied during the process. for the experimental results would be that the strong local melting in a SPS furnace is characteristic of the spark formed between the partially melted corner (previously unmelted) and the corner/edge/surface of the opposite particle over the gap [29, 30] .
In the initial stage of the SPS process, an electric field in the gaps between powder particles was created and high-temperature plasmas were excited under the action of a pulse current so that it caused a discharge between adjacent particles, leading to a local high temperature on the surface of the NbC nanoparticles. If the local temperature was high enough, localized melting of the NbC nanoparticle occurred.
The local temperature in this region then decreased rapidly, and a partially melted microstructure was formed between the two particles because of the quick cooling.
Consequently, the locally high temperature induced by the plasma can cause the melting and evaporation of smaller particles, and would explain why only a few small particles were observed in the partially sintered microstructure. This plasma formation scenario is consistent with the direct microstructure observed in Figure 6d and the EDS analysis performed.
It is important to remark that these microstructures are unattainable by using other sintering techniques such as pressureless sintering (Figure 4) . In those cases, the characteristic longer cycles certainly promote grain growth at high temperature and microstructural design is limited. SPS process is a much more versatile technique. As it is possible to obtain dense material preserving the microstructure of the starting powdered material, the additional energy provided by further increase on sintering temperature is consumed in grain growth processes leading to microstructures showing mixture of nanometric and micrometric grains or completely microstructured materials similar to those obtained by alternative techniques. Then, SPS sintering appears as a very powerful tool for microstructural design. 
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ACCEPTED MANUSCRIPT 10 NbC [6, 8, 14] , ZrO 2 -NbC [9] and Al 2 O 3 -WC [31] . This increase is due to several factors: applied pressure, fast-heating rates, short dwelling times and a homogeneous microstructure, as has seen previously. These factors leads to strong ceramic bond between the interfaces of the particles as resulting in increased final properties of the material. An important result is the hardness value to the sample obtained by SPS at 1450 ºC, which is an 8% higher than sample obtained by conventional at 1600 ºC, the saving time and energy is significant. These aspects are ones of the main criteria for the selection of the material for cutting tool application. properties are related to the evolution of the microstructures of the sample ( Figure 6 ).
As a general trend, in materials with similar densities, with increasing grain size the hardness decreases according to a Hall-Petch type relationship [32] , but fracture toughness tends to increase. Bending strength values of the materials reported in literature fall within the strength range (300-350 MPa), suggesting that the type of carbide addition has no significant influence on the mechanical strength of the composite material [4, 6, 8, 9, 14, 31] . The strength depends basically on the presence of defects in the microstructure such as pores, agglomerates and cracks produced by differences between the thermal expansion coefficient of the matrix and the
ACCEPTED MANUSCRIPT 11 reinforcing carbide. Also, it is known that the binder or liquid phase in materials prevents the crack propagation by shielding the stress field in front of crack tip or by bridging the crack forming ligaments behind the crack tip [33] . Therefore, the sample sintered at 1600 ºC has a higher value of toughness than samples sintered at lower temperatures.
The samples sintered at 1450 ºC and 1500 ºC had higher proportion of submicrometric grains, <2 m, and consequently they showed the highest hardness values and moderate fracture toughness. Nevertheless, when both samples were compared, it could be seen that nanocomposite prepared at 1500 ºC had 40% higher bending strength. Probably, the difference can be attributed, firstly, to the low residual porosity of the material sintered at the lowest temperature that acted as critical flaws and, therefore, a sample with a lower bending strength was observed.
Conclusions
The results obtained from characterization of pressureless sintering and spark 
